The strength of metals increases with decreasing sample size, a trend known as the size effect. In particular, focused ion beam-milled body-centered cubic (BCC) micropillars exhibit a size effect known to scale with the ratio of the test temperature to the critical temperature (Tc) of the BCC metal, a measure of how much the yield stress is governed by the lattice resistance. In this paper, this effect is systematically studied by performing high-temperature compression tests on focused ion beam-manufactured Ta and W single crystal pillars ranging in diameter from 500 nm to 5 μm at temperatures up to 400°C, and discussed in the context of bulk strength and size dependent stresses. Both metals show larger size effects at higher temperatures, reaching values that are in the range of FCC metals at temperatures near Tc. However, it is demonstrated that size effects can be considerably affected by material parameters such as dislocation density and lattice friction, as well as by the yield criterion used. Furthermore, for W, a change from uniform wavy deformation to localized deformation is observed with increasing temperature and pillar size, further indicating that the temperature ratio strongly influences the relative motion of screw and edge dislocations.
Introduction
The mechanical properties of submicron and micron-sized structures differ from those of bulk material. When the dimensions of a sample are similar to or smaller than the microstructural length scales, interfaces and free surfaces become important. In particular, such 'size effects' have been observed for metals, where the strength usually increases with decreasing sample size. The 'dimensional constraint' on dislocation processes then overrides the 'microstructural constraints' that usually dictate the strength in bulk metals [1] , or 'external size effects' dominate over 'internal effects' [2] . Researchers have described such size effects by relating mechanical properties and a geometrical or microstructural size scale of interest as follows: σ σ y n kd = + 0 , (1) where σy is the yield strength of the structure, σ0 is the bulk strength of the material, d is the characteristic length scale, and k and n are constants. For example, the Hall-Petch relationship predicts a powerlaw exponent n of −0.5 for metallic materials in which d is the grain size [3, 4] . Thin film tests and compression tests on micropillars have shown typical values for n in the order of −0.5 to −1, where d is the film thickness or pillar diameter. When strain gradients are present, size effects can emerge naturally ('strain gradient plasticity') [5] [6] [7] , an effect that is ruled out for micropillar compression testing.
Micropillar compression studies have mostly focused on metals with the face-centered cubic (FCC) crystal structure (Ni [8] [9] [10] [11] , Au [12] [13] [14] [15] [16] [17] , Cu [18, 19] and Al [20] ) and the body-centered cubic (BCC) crystal structure (W [21] [22] [23] [24] , Mo [15, 16, [21] [22] [23] [25] [26] [27] [28] , Nb [22] [23] [24] 29, 30] , V [31] and Ta [22, 32] ). These experiments have reported that, for pillars with diameters ranging from 200 nm to a few micrometers, an inverse power-law relation between yield strength and sample size is observed. For FCC metals, in which the bulk strength, σ0, is usually negligible, the power-law exponent, n, lies in the range of −0.6 to −1.0 [2, 10, 11, 13, 14, 18, 20, [33] [34] [35] [36] . On the contrary, BCC metals have shown a weaker size dependence than FCC metals; their behavior was found to correlate with their critical temperature that signifies the transition from a strong to a weak temperature dependence of the flow stress in BCC metals [22] . The different degrees of size dependence have been attributed to different contributions of the lattice resistance to plastic strength of each particular BCC metal (which is dependent on the Peierls potential of the metal and is independent of size) [15, 22] . Unlike in FCC metals, screw dislocations in BCC metals have a rather complex non-planar core structure with a threefold symmetry [37] . Consequently, BCC metals present high Peierls potentials that lead to low mobility of the screw dislocations in comparison to edge dislocations [38] . As the ratio of the test temperature to the critical temperature (Tc) was found to correlate with the magnitude of the size dependence, it was proposed that the decreasing size dependence in BCC micropillars reflects the decreasing mobility of the screw dislocations [21, 22] . However, size effects in BCC metals have been typically determined without considering the contribution of bulk stresses, σ0, which are often in the order of hundreds of MPa for BCC metals at room temperature and should not be neglected [32, [39] [40] [41] .
Different studies have tried to understand the role of bulk stresses, more precisely the role of the lattice resistance on the size effect of micropillars [21, 39, 42] . Lee and Nix [42] have carefully compared the power-law exponents of focused ion beam (FIB) machined FCC and BCC micropillars by considering different material parameters. Material parameters such as lattice friction, dislocation density, shear modulus and Burgers' vector, which are size independent but can depend on temperature, affect the size dependence in submicron and micron-sized pillars [21, [42] [43] [44] [45] . Lee and Nix suggested that the main argument for the different power-law exponents is the value of lattice friction, and this was rationalized in terms of the singlearm dislocation source model first proposed by Parthasarathy et al. [46] . At a moderate dislocation density (10 ), the strength of micropillars with diameters of a few micrometers was assumed to be controlled by the operation of single-arm dislocation sources, which are Frank-Read sources truncated at the free surface [42, 45] . Through this model, the critical resolved shear stress of a pillar with a diameter of a few micrometers can be calculated as the linear superposition of the lattice resistance in shear, τ0, a work-hardening term containing the total dislocation density, ρtot, and a sizedependent term:
with the shear modulus μ, the Burgers' vector b, the line tension of the weakest single-arm dislocation source determined by the statistical average length of the weakest source λ max , and a geometrical constant of order of unity α [46] . The dependence of the lattice friction on power-law exponents has been recently demonstrated by Soler et al. [47] . Chemically etched LiF micropillars, with a controlled initial dislocation density, were tested at different temperatures and rigorously analyzed by using Parthasarathy's model. The authors concluded that size effects are the result of the relative contributions of bulk stresses and size-dependent stresses. It was shown that at room temperature, bulk stresses dominated the absence of size effect, while at 250°C, both contributions were of the same order, thus giving rise to a large size effect.
To improve the understanding of the size effect in BCC metals, tests conducted at different relative temperatures (compared to the critical temperature) are required. So far, only two studies have varied this parameter in BCC metal pillars [21, 24] : Schneider et al. [21] have shown that Mo micropillars tested at 500 K (above Tc for this materials) exhibit a size dependence very close to that of FCC metals, suggesting that the better mobility of screw dislocations above Tc allowed Mo micropillars to deform as FCC micropillars. As a result, it was suggested that the dislocation process controlling the size dependence in BCC micropillars may be the same as in FCC micropillars: source truncation [46] , mechanical annealing [9] and/ or dislocation starvation [17] . On the other hand, Lee et al. [24] have recently studied the size dependence of Nb and W nanopillars at 165 K (far below Tc for these materials), and also assessed the stochastic nature of nanopillar deformation together with dislocation dynamics simulations. It was suggested that the surface-controlled dislocation multiplication is restricted when the mobility of screw dislocations is similar to that of edge dislocations, thus resulting in smaller plastic strain bursts at temperatures close to Tc or above. What is lacking so far, however, is a study in which the test temperature is varied systematically.
The aim of the present paper was to investigate the plasticity of BCC pillar structures at the micron and submicron regimes, for the first time, at different temperatures up to 400°C. Emphasis was placed on Ta and W micropillars. The implications of lattice resistance and dislocation density as well as straining are discussed in the context of size effect dependence on temperature.
Experimental method
High purity Ta and W single crystals (99.999%) with dimensions of approximately 5 mm × 5 mm × 1 mm were used for this study. The Ta crystal had a [111] and the W crystal a [100] orientation. These orientations were selected to have the same orientations as in previous room temperature studies [22, 32] . In addition, two multiple slip orientations were selected to study the influence of orientation on the temperature dependent size effect of BCC metals. The samples were ground with silicon carbide papers down to a grit size of 4000 using a stainless steel cylindrical holder that was employed to produce parallel-sided samples. Subsequently, they were electropolished to reduce the grinding damage and to obtain a flat surface needed for the subsequent microcompression testing. 72 micropillars per sample were FIB manufactured with an FEI Versa 3D DualBeam equipped with a gallium ion source. The pillar milling procedure was carried out in two steps as described by Volkert and Lilleodden [14] : The first step was performed at a beam voltage of 30 kV and beam currents of 7 and 13 nA depending on the pillar dimensions. A second milling procedure, which consisted of multiple steps, was carried out at very low currents, between 10 and 100 pA, to reduce the ion damage and adjust the final pillar shape. The pillars, ranging from 500 nm to 5 μm in diameter with an aspect ratio (length/diameter) of approximately 3, had a taper angle of 2.5 ± 0.4°for the Ta sample and 2.2 ± 0.3°for the W sample.
Compression of the pillars was performed at different temperatures up to 400°C using an Alemnis indenter at Empa, modified to run at high temperatures inside a Zeiss DSM 962 scanning electron microscope (SEM) [48, 49] at a chamber pressure of about 5·10 −5 mbar. The indenter was equipped with a diamond flat punch of approximately 9 μm in diameter. The fact that the tests were performed inside the SEM minimized oxidation of the samples at high temperature. The system had two independent thermocouples, one on the indenter tip and another on the sample, such that temperature was accurately controlled. Two different calibrations were made prior to testing: a calibration of the sample-tip temperature difference and a calibration of the compliance of the whole indentersample system as described previously by Wheeler and Michler [48] . First, the indenter and sample heaters were set to heat to the desired test temperature so as to reduce the drift produced during testing. Second, a small correction for the compliance of the load frame, as well as another one for the sink-in compliance of the pillars, which rest on the same substrate material, were applied for each test to precisely determine the specific load rate and strain of the micropillars. The effect of the pillar acting as a flat punch and elastically deforming the substrate during compression as well as the effect of the indenter itself elastically deforming were considered using the Sneddon's solution [14, 50] .
The Ta micropillars were tested at 25, 100 and 200°C. On the other hand, W micropillars were compressed at 25, 200 and 400°C. The tests were conducted under displacement control at fixed displacement rates. The displacement rates were scaled with the pillar height in order to obtain a constant strain rate of 10 −3 s −1 for pillars with different heights and a maximum strain of approximately 0.10. The experiments at 25°C were carried out before those at 100°C, and the ones at 200 and 400°C were performed at the end to avoid any possible annealing effect.
To convert the obtained load-displacement data into stressstrain curves, the measured lengths and diameters were used. In view of the tapered pillar shape, the diameter at the top of the pillars was used to determine engineering stress. True stress and true strain were not meant to be determined as the deformation mostly occurred heterogeneously by slip of a few systems. The top diameter was chosen because it is well defined and easy to determine via SEM imaging. Furthermore, the stress is the highest at the top due to the tapered pillar shape. The implications on the determined stress level by choosing an appropriate reference diameter were discussed in detail by Frick et al. [11] and Kiener et al. [36] . [22, 32] . Although the [111] is a multiple slip orientation, slip occurred mainly for the preferred slip system and the deformation was localized close to the upper end of the pillars. On the other hand, W micropillars showed traces indicative of multiple slip as observed before [22, 24, 29] . All W pillars compressed at room temperature exhibited a homogeneous, wavy deformation, indicating cross-slip of screw dislocations. This wavy deformation was also exhibited by small pillars (500 nm in diameter) compressed at higher temperatures. However, larger pillars compressed at higher temperatures showed a transition in deformation mechanism from homogeneous to localized deformation (see Fig. 2 ). This indicates that a more avalanche dominated behavior caused by the activation of only a few slip systems took place for larger pillars at 200 and 400°C.
Results

Plastic deformation morphology
Stress-strain response as a function of pillar size and temperature
Stress-strain curves of representative Ta micropillars compressed at 25, 100 and 200°C, and W micropillars compressed at 25, 200 and 400°C are depicted in Figs. 3 and 4, respectively. The distinctive behavior of displacement controlled compression was observed in these curves. Low stiffness artifacts were recorded during first loading as initial contact of the flat punch on pillars took place [14] . Stiffness values then increased and elastic loading started before yield occurred at a critical point. The stress-strain curves of the micropillars with diameters larger than 2 μm were relatively continuous, while, for micropillars between 500 nm and 1 μm diameter, the loading curves showed pronounced stress drops along the whole strain range, indicating that the stress-strain behavior became more stochastic as the diameter of the micropillars decreased. This is in consonance with other experimental studies where such behavior was attributed to the reduction in the number of available dislocation sources as sample size decreased [20, 51] . It is readily apparent that the curves for the 500 nm diameter pillars, and to a smaller extent, those for a diameter of 1 μm, exhibited sizeable stochastic scatter. This may be attributed to the small testing loads: in the extreme case, i.e., for Ta pillars tested at 200°C, loads as low as 100 μN were required for yielding, relatively close to the instrumental noise level (15 μN). This noise level caused an uncertainty of about 70 MPa in the extreme case (Ta pillars of 500 nm in diameter compressed at 200°C). Still, the smallest load drops were noticeably above the instrumental noise. Their amplitude increased with increasing test temperature, indicating that larger dislocation avalanche events occurred at higher temperatures. For comparison, Figs. 3d and 4d show representative stress-strain curves of the largest and smallest micropillars for both Ta and W samples compressed at different temperatures. It can be observed that flow stresses scaled with pillar diameter for both Ta and W samples, and above all, that flow stresses were altered greatly by the test temperature. Furthermore, flow stress data converged for small pillars, implying that small pillars were less susceptible to temperature conditions. Some W micropillars showed a stress maximum between 1 and 2% total strain, mostly the largest pillars compressed at room temperature (see Fig. 4a ). This peak was followed by stress relaxation at small strains and has been previously attributed to contact misalignment between the flat punch and the top surface of micropillars as well as a slight geometrical tilt of the pillars [52] . This maximum can obscure the estimation of the yield point and subsequent determination of size effects as discussed later.
Observing Figs. 3 and 4, it is clear that the apparent strain hardening behavior was size dependent. It increased with decreasing diameter as previously reported in other BCC studies [22, 23, 27, 28, 32] . This was quantified in Fig. 5 , which shows apparent strain hardening rate (SHR) as a function of pillar diameter at the different test temperatures. The SHR was determined as the slope in stress between 2 and 5% strain. Despite the significant scatter, a general trend was observed, where SHR values decreased with increasing temperature as opposed to what is observed for bulk BCC metals [53] . The W pillars generally showed a higher size dependence in the SHR than the Ta pillars, and the SHR values of W micropillars compressed at room temperature are consistent with previous room temperature W pillar studies [23] . In addition, the difference in SHR values as a function of temperature was larger for the W pillars than for the Ta pillars.
Dependence of size effect on yield criterion and temperature
In contrast to bulk compression tests, where the yield stress is usually defined as the stress at 0.2% plastic strain, the yield stress for micropillars is commonly determined by the stress at a given total strain value, typically between 2 and 10% [33] . This is done in order to minimize errors due to the initial stiffness artifacts and to ensure that the stress considered as the yield stress is beyond the first observed yield event, but not affected by strain hardening [14] . Here, the yield stress was carefully evaluated given the stochastic nature of the stress-strain curves and the noise shown by the compression system, which hindered the accurate determination of the yield stress.
The size effect on the strength of Ta and W micropillars is summarized in Fig. 6 . The considered flow stress values were taken directly from the data at a certain strain level regardless of the stochastic behavior of the smallest pillars. By plotting the flow stress and the micropillar diameter on a log-log scale, power-law exponents were determined for the linear fit, as shown in Fig. 6a for both Ta and W samples at a total strain of 2.5% and at different temperatures. The stresses at 2.5% total strain were chosen in agreement with previous BCC micropillar studies [23, 28, 54] . This figure shows that flow stresses scaled inversely with the pillar diameter for both Ta and W samples, and more importantly, that test temperature had a significant influence on flow stress as also seen in high temperature nanoindentation measurements [55, 56] . Interestingly, the data for Ta and W converged for small pillars, indicating that small pillars were less sensitive to temperature conditions as also reported by Schneider et al. [23] . Moreover, the room temperature flow stresses shown by both samples were consistent with previously reported data for W and Ta pillars [23, 32] .
For comparison, the power-law exponent was also calculated as a function of yield criterion, i.e., as a function of defined strain level. This was achieved by taking the stress values at different discrete strain values (every 0.025% strain) from 1 to 8% strain, and calculating, for each strain and respective stress levels, the power-law exponent as shown for 2.5% strain in Fig. 6a. Fig. 6b and c depict the power-law exponents for the Ta and W samples. For W, the power-law exponents are shown for a strain range between 1 and 8% at different temperatures, while for Ta, only data between 1 and 5% are depicted as the larger Ta pillars were only deformed to a maximum strain of approximately 5% (see Fig. 3b ). The power-law exponents determined in this way exhibited a general tendency despite of the inherent stochastic behavior of the stress-strain curves. For both samples, the exponents remained fairly constant at 25°C with increasing strain while at higher temperatures, the exponents increased with increasing strain. An averaged power-law exponent between total strain values of 2 and 5% was determined at each temperature as most BCC studies on size effects have used different strain levels ranging between 2 and 5% [21] [22] [23] 28, 29, 32, 43, 54] . Data below 2% total strain were not considered because these were influenced by the elastic behavior of the micropillars and the stress peaks described above. The resulting deviations at low strains are particularly observed in Fig. 6c for W micropillars.
As seen in Table 1 
Discussion
Effect of temperature on the deformation morphology of BCC pillars
In the present study, Ta and W micropillars have, for the first time, been compressed at elevated temperatures. Ta micropillars were compressed at relatively large temperature ratios (test temperature/ critical temperature between 0.66 and 1.05). Previous studies have shown two distinct deformation behaviors in BCC micropillars: a more localized slip deformation produced by the activation of a few slip systems, typically observed in BCC metals with low Tc (such as Ta), and a more uniform deformation (wavy slip) related to the crossslip of screw dislocations, seen in BCC metals with a high Tc (such as W) [22] . These two different behaviors have been attributed to the temperature ratio, which, in turn, controls the mobility of screw dislocations. In view of this hypothesis, it is expected that, in our Ta micropillars, screw dislocations were relatively mobile. Hence, dislocations were mainly of mixed character and limited to specific slip planes. As a result of this confinement, localized slip was observed [22] .
For W pillars, the elevated temperature tests shed light, for the first time, on a temperature-dependent change of deformation morphology from uniform deformation to localized deformation (see Figs. 1 and 2 ). This indicates that, indeed, the temperature ratio has a strong influence on the motion of dislocations. At temperature ratios close to 1, screw and edge dislocations have comparable mobility due to the thermal activation. Thus, mixed dislocations are bound to particular slip planes [22] . As a consequence, large pillars compressed at high enough temperatures show localized slip. As Ttest/Tc decreases, screw dislocations become less mobile, and thus edge dislocations move faster toward the free surface of the micropillar, leaving the pillar in an edge dislocation-starved situation. Long and straight screw dislocation segments then lead the deformation via their ability to cross-slip between crystallographic planes which intersect along the <111> direction and cause a more uniform deformation of the pillar. In this respect, no transition from uniform to localized deformation is observed for the smallest W pillars with increasing temperature because the annihilation distance for edge dislocations will be shorter than for bigger pillars. Therefore, the pillars become edge-starved faster, so that the deformation is mainly controlled by the cross-slip of screw dislocations. This is in agreement with Fig. 1 , where uniform wavy slip is observed for 500 nm pillars regardless of test temperature. In addition, it has been proposed that the motion of screw dislocations may be enhanced by the increase of surface-to-volume ratio with decreasing pillar size [21, 32] . The explanation given is that edge dislocations near the free surface may assist kink nucleation and hence improve the mobility of screw dislocations [32] . Thus, the lattice resistance would be more easily overcome and the strength for small micropillars would not necessarily increase with decreasing pillar size. Also, at the submicron scale, the deformation is believed to be dominated by dislocation surface nucleation [58] . Thus, the strength size dependence of nanopillars would be expected to be weaker [59] . This is observed for 500 nm diameter W pillars in Fig. 6a , where a plateau in flow stress values is observed as the size decreases, i.e., flow stress values barely increase below 1 μm pillar diameter. The fact that the lattice resistance is more easily overcome at this size could also explain why the Ta and W pillars tested at different temperatures have the same strength.
Influence of yield criterion on size effects: effect of strain hardening on size effects
As can be seen in Fig. 5 , the SHR increases with decreasing sample size, as also observed for FCC and BCC micropillars compressed at room temperature [14, 23, 60] . This is in agreement with another BCC study of micropillar compressions performed at room temperature which has proposed that dislocation multiplication and related forest hardening are not the main factors for the strain hardening behavior as also observed for bulk BCC metals at temperatures well below Tc [53, 54] . It has been observed that pre-straining of Mo micropillars does not influence their hardening behavior [54] . Moreover, the 'reset' of their mechanical properties after repeated FIB machining suggests that their deformation is controlled by dislocation sources, i.e., defects caused by the ion cutting procedure. The strain hardening dependence of micropillars has been related to the same mechanism as observed in FCC micropillars, i.e., exhaustion hardening, where the consumption of the weakest dislocation sources increases the stress needed to activate another dislocation source [14, 45] . Nevertheless, this size dependence may be an artifact stemming from the pillar taper angle, which varies slightly as a function of pillar size. Although the Ta micropillars show some correlation between pillar taper as a function of diameter and SHR, the W micropillars clearly exhibit no direct correlation between these two parameters. Thus, this suggests that pillar taper does not account for such a strong size dependence.
More importantly, Fig. 5 shows that, for both Ta and W, the strain hardening behavior also depends on test temperature: lower SHRs are observed at higher temperatures. However, this temperature effect is opposed to bulk BCC metals, where the easier mobility of screw dislocations at higher temperatures increases dislocation forest hardening [53] . This different trend may be explained by the stress needed to activate a dislocation source, which can be approximated as being composed of an athermal nucleation stress, given by the nucleation barrier Q* and activation volume V, and a thermal stress [59] :
The latter term is characterized by a ratio between the thermal energy (k·T) and V, given by the Boltzmann's constant k and absolute temperature T, as well as a logarithmic function based on the competition between the thermal (k·T·N·v0) and mechanical (E· ε ·V) parameters. N is the number of equivalent nucleation sites, v0 the nucleation rate, E the Young's modulus, and ε the strain rate. Assuming a relatively small V, in the range of 1-9 b 3 (characteristic of BCC micropillars compressed at similar strain rates) [61] , and considering an elastic strain rate in the order of 5·10
, an increase in the test temperature would be expected to decrease the nucleation stress. This was also suggested by atomistic simulations of surface dislocation nucleation [59] . A consequence will be a lower strain hardening as seen in Figs. 3-5 . Moreover, the increase in strain hardening rate with decreasing sample size would explain the trend shown in the power-law exponent-strain curves in Fig. 6b and c, where a slight increment in the power-law exponent is observed as a function of increasing strain.
Size effects as a function of temperature
The present results indicate that the deformation mechanisms of submicron and micron-sized FIB machined BCC pillars depend on size as well as on temperature. In addition to an increase in yield strength with decreasing pillar diameter, both Ta and W pillars show lower yield strengths with increasing temperature (given a pillar diameter), as observed by Schneider et al. [21] for Mo only. This combined size and temperature dependence of strength of W and Ta micropillars can be assessed in terms of the different strengthening mechanisms as proposed by Parthasarathy et al. [46] (see Eq. (2)).
The strength is assumed to be the sum of a size independent bulk contribution and a size dependent contribution. For the latter, the statistical average length of the weakest single-arm dislocation source, λ max , must be calculated as the probability that a certain pillar with a diameter d, number p of dislocation sources and a primary slip plane oriented at an angle β to the compression axis has λmax as the maximum source length [46] :
The number of sources, p, depends on the pillar dimensions (diameter d and height h) and initial mobile dislocation density ρmob as follows [46] :
where Lseg is the average length of dislocation segments in the pillar, considered to be the pillar radius, and s is the number of primary Table 1 while the dotted vertical lines correspond to the lower and upper strain bounds of the average n values.
slip systems, which is 12 for BCC metals ({112} <111> [38] ). FIB machined micropillars are non-defect free, so that it is assumed that the current Ta and W micropillars have a moderate total dislocation density, ρtot, characteristic of annealed single crystals, i.e., 10 10 -10 13 m −2 [42, 46] . The dislocation density for both materials is assumed to be stable in the tested temperature range as temperature induced dislocation annealing, i.e., recovery, can be neglected at these low homologous temperatures (see Table 1 ).
The material parameters needed to evaluate the equation by Parthasarathy et al. are presented in Table 2 . The lattice resistance values, τ0, of Ta at different temperatures were taken from Smialek et al. [62] , who tested single slip oriented Ta single crystals at different temperatures at similar strain rates as in the present study. For W, no lattice resistance values are available for [100]-oriented single crystals in compression. However, data taken from Brunner [63] , who performed tensile tests of W crystals up to 800 K, were used as a first approach. The temperature-dependent values of the shear moduli of [111]-oriented Ta and [100]-oriented W single crystals were taken from two different studies [64, 65] . The weak temperature dependence of the Burgers' vector was neglected.
The yield stresses calculated from eqs. (2), (4) and (5) as a function of size and temperature are shown in Fig. 7 . The predicted results for Ta agree very well with the experimental data. For W micropillars, the agreement between experimental and theoretical values is not as good as for the Ta pillars (Fig. 7b) : the experimental yield stress values are much less dependent on temperature than the calculated values; there are also indications that the size dependence is weaker than predicted. The predicted values generally come to lie below the experimental ones. While the assumed lattice friction stresses affect mainly the absolute level of the predicted yield stresses, the dislocation density strongly affects the size dependence. Lee and Nix [42] suggested that an increase in the dislocation density would affect the yield stress of pillars differently depending on their size: weakening for submicron-sized pillars and hardening for micron-sized pillars. Higher dislocation densities would then decrease the size effect as observed in Fig. 7b and also by Lee and Nix [42] . This would also decrease the temperature dependence of the yield stresses as seen in Fig. 7b . However, this does not explain yet the different sign of curvature shown by the W experimental data, suggesting that other strengthening factors may govern the plastic deformation of W micropillars. For instance, the effective stress needed to yield might be affected by the enhancement of the screw dislocation mobility due to kink nucleation at the pillar surface [23, 66] . Due to the larger surface to volume ratio, the lattice resistance would be more easily overcome with decreasing pillar size. Thus, less mechanical work than expected would be needed to overcome the lattice friction for the small W pillars. The fact that the lattice friction values of Ta are close to zero at the current temperature regime might explain why the model works well for Ta, while for W, with larger lattice friction values, the model does not follow the experimental trend. In addition, this might also explain why the W pillars are less sensitive to temperature changes as sample size decreases.
The different power-law exponents shown by the Ta and W micropillars can be correlated with the relative test temperature, i.e., Ttest/Tc, as first shown by Schneider et al. [22] . The lattice resistance strongly depends on Ttest/Tc for BCC metals [67] . Thus, it is expected that size effects scale with this relative test temperature [22] . Fig. 8 provides an overall view of power-law exponents as a function of this temperature ratio. The average experimental powerlaw exponents of Ta and W micropillars shown in Table 1 for the current study are depicted (closed symbols) together with a schematic of the different exponents observed for other BCC metals [21] [22] [23] 32, 54, 68] . In addition, the power-law exponents for Ta and W micropillars predicted by the model of Parthasarathy et al. are presented (open symbols). As observed in Fig. 8 , the power-law exponents of the Ta and W micropillars decrease with increasing relative test temperature as was previously reported for Mo [21, 22] . It is emphasized that the present results fit well into the overall picture: for relative temperatures approaching 1 (for W: 400°C, Ta: 200°C), a size dependence typical for FCC micropillars [10, 14] , with n ≤ −0.6, is found. The pillars tested at higher temperatures show a more negative exponent, i.e., a more pronounced size effect, which indicates that the size-independent terms in eq. (2) lose in relative importance. This could be explained, for example, by a progressive decrease in the lattice resistance. On the defect level, this behavior can be attributed, as suggested previously [21] , to the important role of screw dislocations: as their mobility increases with rising temperature, especially when the critical temperature is exceeded, the deformation approaches that of FCC metals.
Also, the experimental power-law exponents of Ta agree reasonably well with the exponents predicted using the single-arm dislocation source model. However, the predicted power-law exponents of the W micropillars compressed at 400°C are much lower than the experimental ones. The fact that the predicted yield stresses calculated as a function of the pillar diameter do not capture the Table 1 Temperature conditions and averaged power-law exponents n obtained from 2 to 5% total strain results presented in Fig. 6b and c 48 [63] 152 [65] Lattice resistance in shear, τ0, of Ta from Ref. [62] , and τ0s of W from Ref. [63] . Corresponding shear moduli, μ, of W from Ref. [65] and of Ta from Ref. [64] .
experimental trend produces such overestimation of the size effects. As discussed above, the actual W micropillars may have larger initial dislocation density and lattice resistance values than the ones used for the estimation, which together with other strengthening mechanisms, may produce this disparity. Nevertheless, it is apparent that the initial dislocation density and temperature dependence of the lattice friction play an important role in determining the size dependence on strength of micropillars. Assuming a constant initial dislocation density with increasing temperature, the lattice resistance dictates the size effect of BCC micropillars as a function of temperature.
In order to arrive at a better estimate of the different strengthening mechanisms and to go beyond this study, knowledge of the initial dislocation density of the pillars would be helpful. Moreover, the determination of the exact lattice resistance of the samples as a function of temperature would be of significant importance since it has been observed that it plays a crucial role in the deformation of BCC micropillars. Also, questions arise regarding the emergence of plastic flow and evolution of plasticity (strain hardening) in BCC micropillars and its temperature dependence, which are directly related to the activation of single-arm dislocation sources, surface dislocation annihilation, dislocation storage and consequent dislocation interactions. Therefore, in situ transmission electron microscopy compression experiments as well as computational simulations would give further fundamental information to the understanding of BCC plasticity confined in micron-sized samples as a function of temperature.
Conclusion
For the first time, elevated temperature compression tests were carried out on [111]-oriented Ta and [100]-oriented W pillars with diameters of a few micrometers in order to study the influence of temperature on the size effect. The following conclusions can be drawn:
• The temperature ratio (Ttest/Tc) has a strong influence on the relative motion of screw and edge dislocations. Slip traces characteristic of localized single slip were observed on the surfaces of the tested Ta pillars irrespective of test temperature. In W pillars, a change from uniform wavy deformation to localized deformation was observed with increasing temperature and pillar size.
• The stress-strain behavior became more stochastic as the pillar size decreased, and their plastic intermittencies (load drops) were altered by the amount of thermal energy provided: at higher temperatures, plastic intermittency was qualitatively larger.
• The apparent strain hardening behavior was not only size dependent but, more importantly, test temperature dependent. Despite significant experimental scatter, strain hardening was clearly found to decrease with increasing temperature. This effect was attributed to easier activation of dislocation sources near the surface and better dislocation mobility at higher temperatures.
• Both materials exhibited larger size effects at higher temperatures. The size dependence scaled with the ratio of test temperature to critical temperature. For test temperatures close to or larger than Tc, FCC size dependence was reached.
• The contributions of bulk strength and size-dependent stresses to size effects at different temperatures were analyzed by using [21, 22, 32, 68] .
the single-arm dislocation source model. While the model reproduced the Ta results very well, it could not capture the experimental trend shown by the W micropillars. Assuming a constant initial dislocation density, the temperature-dependent size effects of BCC micropillars depend mainly on the magnitude of the lattice resistance (Ttest/Tc).
By reporting microcompression tests at elevated temperatures, this work provides new evidence on the effect of temperature on the plasticity of micron-sized BCC samples as well as further insight into their deformation mechanisms. Such studies help to establish a basis for the design of BCC metal microstructures in hightemperature applications and to estimate material strength for a given sample dimension.
